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ZnO ﬁlms doped with vanadium (ZnO:V) have been prepared by dc reactive magnetron sputtering
technique at different substrate temperatures (RT–500 C). The effects of the substrate temperature
on ZnO:V ﬁlms properties have been studied. XRD measurements show that only ZnO polycrys-
talline structure has been obtained, no V2O5 or VO2 crystal phase can be observed. It has been
found that the ﬁlm prepared at low substrate temperature has a preferred orientation along the (002)
direction. As the substrate temperature is increased, the (002) peak intensity decreases. When
the substrate temperature reaches the 500 C, the ﬁlm shows a random orientation. SEM mea-
surements show a clear formation of the nano-grains in the sample surface when the substrate
temperature is higher than 400 C. The optical properties of the ﬁlms have been studied by measur-
ing the specular transmittance. The refractive index has been calculated by ﬁtting the transmittance
spectra using OJL model combined with harmonic oscillator.
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1. INTRODUCTION
Dilute magnetic semiconductors (DMS) have properties
intermediate between a magnetic element and a non-
magnetic semiconductor. In general, they are obtained by
doping some non-magnetic semiconductor with transition
metal elements. Although most of them have low Curie
temperature, it has been theoretically predicted that tran-
sition metals (TM) like V, Cr, Fe, Co and Ni doped ZnO
materials can have room temperature ferromagnetism.1–2
These materials can be very interesting because of their
potential applications in semiconductor spintronics,3 which
intends to extend the ﬁeld of applications of the usual elec-
tronic devices by including also the effects of the spin of
the electrons. The magnetization of these TM-doped ZnO
ﬁlms strongly depends on the preparation parameters, and
recently better controlled samples have been produced and
problems such as thickness effects, growth temperatures
∗Author to whom correspondence should be addressed.
and doping level effects have been studied systematically
on Mn and Co doped ZnO ﬁlms.4–9 However, vanadium
doped ZnO has not been studied widely although it has
been predicted room temperature ferromagnetism. Only
pulsed laser deposited vanadium doped ZnO ﬁlms mag-
netic properties have been reported.10–11 For the applica-
tions, Vanadium doped ZnO ﬁlm is interesting not only
in terms of its room temperature ferromagnetism, but also
because it is a transparent ferromagnetic material, and then
further detailed study on vanadium doped ZnO ﬁlms is
necessary. In this paper, we have used a different prepa-
ration technique where we can have a good control of
the experimental parameters, and so vanadium doped ZnO
ﬁlms at different substrate temperatures have been pre-
pared by dc reactive magnetron sputtering and we stud-
ied the structural and optical properties of these vanadium
doped ZnO ﬁlms. We intend to show that this is also a
competitive preparation technique, for which we can eas-
ily optimise the preparation parameters for some speciﬁc
application.
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2. EXPERIMENTAL DETAILS
Vanadium doped ZnO ﬁlms were prepared on microscope
glass slides by using a home-made dc reactive magnetron
sputtering system. The target is a zinc metal with a purity
of 99.99%. Small pieces of vanadium metal were put on
the top of the zinc metal target in order to obtain the
vanadium doped ZnO ﬁlms. The distance between the
target and the substrate is about 50 mm. The total and
oxygen reactive gas pressures are 9× 10−3 mbar and
3× 10−3 mbar, respectively A constant sputtering current
mode is used and is kept at 03 A for all experiments. The
deposition time was about 20 min. The substrate tempera-
ture was varied from room temperature until 500 C. The
ﬁlm thickness was obtained by ﬁtting the transmittance
spectra and has been conﬁrmed by SEM measurements.
The concentration of vanadium in ZnO ﬁlms were deter-
mined by Energy Dispersive X-ray Spectroscopy (EDS).
3. RESULTS AND DISCUSSION
The vanadium concentration in ZnO ﬁlm prepared at dif-
ferent substrate temperatures is about 8 mol% which is
measured by EDS. The deposition rate keeps at a con-
stant value (about 40 nm/min) as the substrate temperature
is increase from RT to 300 C. However, the deposition
rate decreases when the substrate temperature is higher
than 300 C. When the substrate temperature is increased
from 300 C to 500 C, the deposition rate decreases from
40 nm/min to 35 nm/min. This variation of the deposition
rate agrees neither with that of the ZnO ﬁlms nor with that
of the V2O5 ﬁlms prepared by the same technique at dif-
ferent substrate temperatures.12–13 For the ZnO ﬁlms, the
deposition rate did not show a clear variation with the sub-
strate temperature.12 But for the V2O5 ﬁlms, the deposition
rate increased with the substrate temperature.13 Therefore,
the variation of the deposition rate of ZnO:V ﬁlms could
not be related with the doping of the vanadium in ZnO
ﬁlms. It seems that the variation of the deposition rate
results from the variation of the cathode potential. It has
been found that when the substrate temperature is higher
than 300 C, the same sputtering current (03 A) can be
reached with a low cathode potential. It means that the
sputtering power decreases and may result in a decrease
of the deposition rate. In addition, the re-evaporation from
the substrate at high substrate temperature may also result
in a decrease of the deposition rate.
X-ray diffraction (XRD) of ZnO:V ﬁlms deposited at
different substrate temperatures are shown in Figure 1. All
the ﬁlms show ZnO structure, no vanadium oxide crys-
tal phase can be observed. Our previous results showed
that the vanadium exists in these ﬁlms as V5+ state.14
Although XRD measurements did not show any V2O5
crystal phase, it can not be concluded that no V2O5 phase
exists in these ZnO:V ﬁlms. The V2O5 may exist in these
ZnO:V ﬁlms as the amorphous phase. It can be seen that
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Fig. 1. X-ray diffraction patterns of ZnO:V ﬁlms prepared at different
substrate temperatures.
the ﬁlm prepared at room temperature is c-axis oriented
perpendicular to the substrate surface, as evidenced from
the strong (002) diffraction peak. As the substrate tem-
perature is increased, the preferred orientation along the
(002) direction diminishes. When the substrate tempera-
ture reaches 500 C, the ﬁlm shows a random orientation.
This variation of the structure is different from the pure
ZnO ﬁlms, in which the preferred orientation along the
(002) direction still exists at high substrate temperature.12
Therefore, this structure variation at high substrate tem-
perature may result from the vanadium doping. It means
the vanadium doping can restrain the crystal growth and
result in the vanish of the preferred orientation. It seems
that the vanadium doping effect on the structure of ZnO
ﬁlms only appears clearly at high substrate temperature.
Our previous study on vanadium oxide ﬁlms show that the
vanadium oxide ﬁlm prepared at low substrate temperature
has an amorphous structure, only the ﬁlms prepared at high
substrate temperature show a polycrystalline structure.13
These facts may give some explanations on the structure
variation shown in Figure 1. Although no vanadium oxide
phase can be observed even for ZnO:V ﬁlms prepared at
high substrate temperatures, there is a tendency to form
vanadium oxide phase at these high substrate temperatures
and may result in a variation of these ZnO:V ﬁlms.
Figure 2 shows the SEM photographs of the ZnO:V
ﬁlms deposited at different substrate temperatures. It can
be seen that the surface topography does not show a clear
variation when the substrate temperature is lower than
300 C. However, when the substrate temperature is higher
than 400 C, the formation of grains can be obviously
observed. The average grain size along the sample sur-
face is about 300 nm. Although it is well known that the
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Fig. 2. The SEM photographs of ZnO:V ﬁlms deposited at different substrate temperatures.
high substrate temperature is favourable for growth of the
grains, the scene is totally different for ZnO and ZnO:V
ﬁlms prepared at different substrate temperatures as it can
been from our previous results on pure ZnO ﬁlms.12 For
pure ZnO ﬁlms prepared at high substrate temperatures,
the ﬁlms are composed by only large grains. However, the
large grains are embedded among the small grains for
the ZnO:V ﬁlms prepared at high substrate temperatures.
It means that vanadium doping modiﬁes signiﬁcantly the
ZnO ﬁlm structure at high substrate temperature.
The specular optical transmissions of ZnO:V ﬁlms pre-
pared at different substrate temperatures are given in
Figure 3. It can be seen that the transmittance of ZnO:V
ﬁlms decreases as the substrate temperature is increased.
As neither ZnO nor V2O5 is an absorb medium, the loss
of the light may be caused by the light scattering due to
the inhomogeneity and the surface roughness of the ﬁlms.
The difference of the specular transmittance for ZnO:V
ﬁlms prepared at room temperatures and 300 C substrate
temperatures is not very clear. However, the specular trans-
mittance of ZnO:V ﬁlm prepared at 500 C substrate tem-
perature shows a clear decrease. From Figure 2 it can
be seen that the ﬁlm prepared at 500 C substrate tem-
peratures has a rough surface, it will increase the inten-
sity of the scattering light and result in low specular
transmittance.
In order to get the refractive index n of these ZnO:V
ﬁlms, the transmittance of these ﬁlms have been ﬁtted
using OJL model.15–16 The refractive index of the ZnO:V
ﬁlms prepared at different substrate temperatures are given
in Figure 4. The results show that the ﬁlm prepared at
300 C has the highest refractive index. In general, accord-
ing to the Thornton structure model,17 the high substrate
temperature is favourable for the dense structure and will
result in a high refractive index. That is why the refrac-
tive index is increased as the substrate temperature is
increased from RT to 300 C. However, the refractive
index decreases when the substrate temperature is higher
than 300 C. This abnormal variation of the refractive
index could be related with the vanadium doping. From
our previous results,12–13 the refractive index of V2O5 ﬁlm
is lower than that of ZnO ﬁlm. As it has been discussed
above, the vanadium doping effect only appears clearly
when the substrate temperature is higher than 300 C.
It may result in a decrease of the refractive index.
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Fig. 3. Specular optical transmission of the ZnO:V ﬁlms prepared at
different substrate temperatures.
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Fig. 4. The refractive index as a function of the wavelength for the
ZnO:V ﬁlms prepared at different substrate temperatures.
The ﬁlm thickness is also obtained by the ﬁtting. The
results got by ﬁtting and by SEM measurement are quite
similar. The ﬁlms prepared at the substrate temperature
lower than 300 C have a thickness of 800 nm and the
ﬁlm prepared at 500 C substrate temperature have a thick-
ness of 700 nm. It means that the ﬁtting model, which
has been used, is suitable for these ﬁlms. The optical band
gap of the ﬁlms prepared at different substrate tempera-
tures was also calculated. The optical band gap increases
from 314 eV to 324 eV as the substrate temperature is
increased from room temperature up to 500 C. These val-
ues are similar to the ZnO ﬁlms without any doping.18 This
means that vanadium doping at this level does not give a
clearly modiﬁcation of the band gap of ZnO ﬁlms.
4. CONCLUSIONS
Vanadium doped ZnO ﬁlms have been deposited onto glass
substrate by dc reactive magnetron sputtering technique at
different substrate temperatures. The vanadium concentra-
tion in ZnO ﬁlms is about 8 mol%. Although no V2O5
crystal phase can be observed for all the samples, the inﬂu-
ence of the vanadium doping on ZnO ﬁlms structure can
be observed, especially, when the substrate temperature
is higher than 300 C. Both the structure and the optical
properties of ZnO ﬁlms can be clearly modiﬁed by vana-
dium doping at high substrate temperatures (higher than
300 C). This conﬁrms our aim to show the possibility of
control of the samples properties by easily changing the
preparation parameters.
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